A model for the maturation of tomato spotted wilt virus (TSWV) particles is proposed, mainly based on results with a protoplast infection system, in which the chronology of different maturation events could be determined. By using specific monoclonal and polyclonal antisera in immunofluorescence and electron microscopy, the site of TSWV particle morphogenesis was determined to be the Golgi system. The viral glycoproteins G1 and G2 accumulate in the Golgi prior to a process of wrapping, by which the viral nucleocapsids obtain a double membrane. In a later stage of the maturation, these doubly enveloped particles fuse to each other and to the endoplasmic reticulum to form singly enveloped particles clustered in membranes. Similarities and differences between the maturation of animal-infecting (bunya)viruses and plant-infecting tospoviruses are discussed.
Increased knowledge about the molecular biology of tomato spotted wilt virus (TSWV), type species of the genus Tospovirus, has shed light on the replication and gene-coding strategy of this plant-infecting bunyavirus (for reviews, see references 6, 8, 9, 23, and 34) . In contrast, a clear view of the TSWV particle maturation pathway in plant cells has not yet been reported, mainly because useful single-cell systems to study this process have been lacking. Early electron microscopic studies by Milne (22) and Ie (12) of infected leaf tissues summarized typical structures associated with tospovirus infections that were observed, such as the viroplasm (VP), nucleocapsid aggregates (NCA), paired parallel membranes (PPM) thought to be involved in budding events, doubly enveloped particles (DEV), and singly enveloped particles (SEV) clustered within endoplasmic reticulum (ER) membranes. It was observed that VP, NCA, PPM, and DEV were present mostly in early stages of infection whereas clustered SEV seemed to be a late or even final state in the maturation. Since TSWV is an enveloped bunyavirus, it is anticipated that preexisting intracellular membranes are used for enveloping, although it has been reported (22) that the PPM may be produced de novo since they did not seem to resemble any of the cellular membrane structures. More recently however, Kitajima et al. (14) presented three possible models for the morphogenesis of tospovirus particles, which included morphogenesis at the intracellular membranes of the ER or the Golgi system, although no conclusive choice could be made between the models proposed. While studying defective and nondefective isolates of impatiens necrotic spot virus, Lawson et al. (20) suggested that PPM, showing budding structures, could be Golgi derived based on their morphology. None of the above studies, however, presented extensive labeling data that supported either of the different models of the maturation pathway of tospoviruses in plants.
Structures possibly associated with morphogenesis of TSWV have also been observed in cells of the thrips vector Frankliniella occidentalis (32) . Both N and G1/G2 proteins were immunolocalized to intracellular membranes, which were suggested to be Golgi derived (again based on their morphology), in cells of the midgut epithelium. However, no intermediate structures associated with budding virus were observed in these membranes, and no mature particles were observed in the midgut.
Since previous studies of nonsynchronous infections have hampered our understanding of the morphogenesis process of TSWV and other tospoviruses in plants, we now apply the recently developed protoplast infection system (13) to study this topic. Both cowpea (Vigna unguiculata) and Nicotiana rustica protoplast suspensions support TSWV multiplication, reaching at least 50% infection, provided that freshly prepared, highly infectious virus preparations are used as the inoculum (13) . The application of a protoplast system not only has the advantage of a high level of infected cells but also allows a temporal analysis of the maturation pathway, since a high synchrony of infection is obtained. It has been shown that in cowpea protoplasts the infection cycle leads to only small numbers of enveloped particles whereas in N. rustica protoplasts large numbers of mature particles accumulate and a complete infection is produced (13) . Therefore the system based on N. rustica protoplasts was used in the present studies to investigate the chronology of the TSWV maturation.
MATERIALS AND METHODS
Virus, plants, and protoplasts. Throughout this study, a Brazilian isolate of TSWV, BR01 (2), was used, and maintained in N. rustica plants by mechanical inoculation and transmission by thrips. For (cryo)electron microscopic analysis, N. rustica plants were harvested 5 to 10 days after inoculation with TSWV and local lesions were isolated from petunia (cv. Polo Blauw) 3 to 5 days after inoculation with TSWV. N. rustica protoplasts were inoculated with freshly isolated TSWV particles as described previously (13) and harvested for immunofluorescence microscopy, (immuno)electron microscopy, or Western blotting between 0 and 40 h postinoculation (p.i.).
Antisera. Polyclonal antisera against TSWV N protein and the hydrophilic ectodomains of G1 and G2 were raised as described previously (13) . The rat monoclonal immunoglobulin M serum against the plant Golgi system (JIM84) was described previously (11) , as were anti-␤F 1 (19) and anti-RGP1 (3) sera against the plant Golgi system.
Immunofluorescence light microscopy. Immunofluorescence of protoplasts was performed as described previously (13) . Double-labeling experiments were performed with a combination of rabbit polyclonal antiserum and rat monoclonal antiserum, with swine anti-rabbit serum conjugated to tetramethylrhodamine isothiocyanate and goat anti-rat serum conjugated to fluorescein isothiocyanate as the respective second antibodies.
(Immuno)electron microscopy. Immunoelectron microscopy of protoplasts fixed with 3% glutaraldehyde-2% paraformaldehyde, as well as ultrastructural analysis with osmium tetroxide fixation, was performed as described previously (13) .
Cryoelectron microscopy. Aldehyde fixation, infiltration with sucrose, cryosectioning, and negative staining of infected leaf material were carried out as described by Van der Wel et al. (33) .
Western blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western immunoblot analysis with alkaline phosphatase detection were carried out as described by Kikkert et al. (13) .
RESULTS
Chronology of appearance, and labeling of structures associated with maturation. N. rustica protoplasts were inoculated with TSWV particles by using polyethylene glycol, and samples were taken between 0 and 40 h p.i. for immunofluorescence and electron microscopy analyses. Table 1 shows the times of appearance of different structures, which have previously been reported to be associated with TSWV maturation (12, 14, 22) , during the infection in protoplasts. Table 2 summarizes the reactivity of these maturation-associated structures with antisera used in electron microscopy, as discussed further throughout Results and Discussion.
Examples of the different structures are depicted in Fig. 1 . VP (Fig. 1A) , characterized as amorphous medium-density material, was seen throughout the infection, very often in association with NCA, which is much more dense (Fig. 1A) and which often appears as aggregated nodules of around 60 to 80 nm in diameter embedded in the VP (Fig. 1 ). Both structures are strongly labeled with antiserum against the nucleocapsid protein, N (Fig. 1A and C and Table 2 ), suggesting that both contain viral nucleocapsid protein. They are only weakly labeled with serum against the viral glycoproteins G1 and G2 (Table 2 and data not shown). In the early stages of infection, mostly small patches of VP and NCA dispersed throughout the cytoplasm were observed (Fig. 1A) , whereas in later stages, often only one or two very large areas of NCA and VP were found (Fig. 1B) .
PPM are characterized as membrane cisternae that are often strongly curved, and dense material is tightly associated with them (Fig. 1D ). PPM were previously suggested to be derived from Golgi stacks (20) , and the modification of Golgi stacks that was observed in protoplast infections can indeed be interpreted as the formation of PPM (Fig. 2) . In infected cells, the cisternae of a Golgi stack seem to drift apart and dense material accumulates between them (Fig. 2B) . The cisternae become curved and often seem extended (Fig. 2C) . The formation of PPM was quite obvious in protoplast infections at several time points, but a clear peak was found in the early stages of infection around 18 to 22 h p.i. (Table 1 ). PPM and their surroundings were labeled with antiserum against G1 (Fig. 3A) , G2 (Fig. 3B), and N (Fig. 3C) proteins (Table 2) in infected protoplasts, while these antisera gave no background on healthy plant cells (data not shown). Often DEV were found in the vicinity, which appear to form at the PPM (Fig.  3C ). To confirm that these structures found in protoplast infections were not artifacts of the system, early stages of systemic infections in N. rustica plants as well as TSWV local lesions in petunia were investigated. Particularly clear examples of curving and wrapping PPM were found in these plants as well (Fig. 4) . The data suggest that DEV are formed by curving and wrapping of modified Golgi cisternae around dense nucleocapsid material in the cytoplasm.
From Table 1 it becomes clear that PPM largely precedes the formation of DEV and that SEV seem to represent a final stage in the infection. At late stages of infection (30 to 40 h p.i.), PPM as well as DEV were rarely found whereas SEV surrounded by membranes were abundant and were often found near the large NCA clusters (Table 1 and Fig. 1D ). ER membranes were found throughout the infection, often in the vicinity of maturation-associated structures (Fig. 1A to C) . Apparently unmodified Golgi stacks, however, became more scarce during the infection process and were virtually absent at late stages.
The Golgi system is the site of TSWV enveloped-particle morphogenesis. Since the morphology of PPM structures strongly suggests that they are derived from Golgi stacks, three independent plant Golgi markers were used to confirm this. JIM84, a rat monoclonal antiserum raised against carrot Golgi protein epitopes (11), anti-␤F 1 , a polyclonal antiserum raised in carrot against complex glycans common to plant Golgi glycoproteins (19) , and anti-RGP1, a polyclonal antiserum against the peptide fraction of a reversibly glycosylated trans-Golgi protein from pea (3) were used. Since JIM84 is a monoclonal antiserum, it could be used in double-label experiments together with polyclonal sera against viral proteins in immunofluorescence microscopy. JIM84 was raised against carrot Golgi epitopes, and so we verified whether it can also recognize the Golgi system of N. rustica. Indeed, in healthy N. rustica protoplasts or at 0 h p.i., JIM84 produced a typical pattern of small spots scattered throughout the cytoplasm, representing individual Golgi stacks (Fig. 5A) , as was also observed in carrot, onion, and maize cells with JIM84 (11) . As a result of transport of the epitope-containing protein, parts of the plasma membrane were usually labeled by JIM84 as well (Fig.  5A) (11, 27) . During TSWV infection, the Golgi system did not appear dramatically different, although larger clusters were increasingly observed with JIM84, as well as the smaller ones (Fig. 5B and D) . The viral glycoproteins colocalized at least partly with these Golgi structures at different time points during the protoplast infection (Fig. 5B to E ). Viral N protein also 
a Judgment of relative presence of structures at one time point was based on at least three different specimens with 10 to 20 infected cells each. 
a Samples were taken between 0 and 40 h p.i. as indicated in Table 1 . Both polyclonal anti-␤F 1 and anti-RGP1 sera labeled Golgi stacks in healthy N. rustica protoplasts or in protoplasts at 0 h p.i., as shown by immunogold electron microscopy ( Fig. 6A  and D) . In infected protoplasts, anti-␤F 1 labeled PPM structures (Fig. 6B ) as well as virus particles (Fig. 6C) . Anti-RGP1 labeled PPM very specifically although not heavily (Fig. 6E and   F ), but it did not tag virus particles (Table 2 ). Figure 7 shows that in Western blots anti-␤F 1 cross-reacts with G1 from virus particles, which most probably explains the labeling of virus particles. The serum, however, did not react with unglycosylated G1 expressed in Escherichia coli (data not shown), indicating that the cross-reaction is an interaction with the glycans of G1. Since the anti-␤F 1 serum was raised against Golgispecific glycans (19) , the cross-reaction may indicate that G1 contains epitopes for anti-␤F 1 , confirming the Golgi targeting of TSWV glycoproteins.
These data together indicate that PPM are in fact derived from the Golgi and form the site of particle morphogenesis.
SEV are produced by fusion of DEV. From osmium tetroxide-fixed specimens of infected protoplasts, in which DEV and SEV can be clearly distinguished, it was observed that at around 26 h p.i. SEV started to accumulate in clusters surrounded by membranes (Table 1) while DEV particles could also be observed in these areas (Fig. 8A) . These kinds of structures were also found in local lesions in petunia (results not shown), along with structures suggesting the formation of these SEV accumulations in membranes (Fig. 8B) . Considering the chronology of the appearance of DEV and SEV (Table 1), these images suggest that SEV is formed by fusion of DEV. In this process, the outer membranes of DEV form a tight collective smooth envelope around singly enveloped particles (Fig. 8B) . DEV seem also able, either individually or fused, to fuse to (rough) ER membranes (Fig. 8B) .
DISCUSSION
By using the recently developed N. rustica protoplast infection system, a time course of TSWV particle maturation could be produced. Analysis of the maturation intermediates in these protoplasts as well as in local lesions in petunia and systemically infected N. rustica plants leads to a TSWV particle maturation model (Fig. 9) .
The use of three independent plant-Golgi markers confirmed the suggestion that PPM are derived from Golgi stacks and form the site of doubly enveloped particle morphogenesis. The apparent retention of the viral glycoproteins G1 and G2 in the Golgi system is in agreement with the observations by immunofluorescence microscopy, which indicated that these proteins are not found on the surface of the plasma membrane (13) (Fig. 5) whereas they are assumed to enter the secretory pathway due to their N-terminal signal peptide (15) . It is therefore likely that either one or both of the TSWV glycoproteins contain a Golgi retention signal, as recently documented for Uukuniemi virus (1) .
In the proposed maturation model (Fig. 9 ), DEV is formed by wrapping of modified Golgi membranes (PPM) around nucleocapsids in the cytoplasm, and subsequently SEV is formed by fusion of DEV with each other or with ER membranes. Whether this latter process is based on an existing targeted membrane fusion mechanism in the cell or whether it is a virally induced phenomenon remains to be investigated.
Apart from the structures that now have been identified as being involved in particle morphogenesis, other virus-associated structures were also observed but not clarified. VP in association with NCA, consisting of nucleocapsid protein, does not seem to be directly involved in particle morphogenesis. However, PPM and DEV are often found in the vicinity of VP and NCA (Fig. 1B and C) or are even embedded in them, as suggested by the labeling of NCA and VP with anti-G1-G2 sera (Table 2 ). NCA and VP thus could be a source of nucleocapsids meant to be wrapped with Golgi membranes containing viral glycoproteins.
Still, a large part of the nucleocapsid protein that is produced during an infection is not used for producing particles but seems to be stored in large NCA clusters (Fig. 1B and C) . This is also evident from Western blots of crude extracts of infected plants and purified TSWV particles, where the ratio of nucleocapsid protein to glycoproteins is much greater in crude extracts than in purified particles (data not shown). It is thought that TSWV moves from cell to cell by the action of NSm (nonstructural protein encoded by the M segment) which modifies the plasmodesmata so that infectious nucleocapsid units can pass the cell barrier (17, 31) . This accounts for a part of the overproduction of nucleocapsids but most probably not for all.
The production of TSWV-encoded nonstructural (NSs) protein has not been investigated here but was observed in earlier studies (12, 14, 16, 22) . So far, there is no evidence that this protein plays a role in particle morphogenesis.
Although the TSWV maturation pathway as proposed here is very different from that of the animal-infecting bunyaviruses (reviewed in 4, 10, 21, 24, 30) , the assembly of particles in the Golgi system appears to be a feature of both plant-and animalinfecting bunyaviruses. Modification of the Golgi system, as observed in TSWV infections, has also been reported for Uukuniemi virus and Nairobi sheep virus (5, 18, 26) ; however, instead of curling and wrapping, the Golgi cisternae vacuolize extensively during these animal bunyavirus infections, thus increasing the volume of the cisternae and allowing the budding of singly enveloped particles into the lumen. The formation of doubly enveloped particles by wrapping of cisternae has never been reported for animal infecting bunyaviruses; however, it is not unknown in enveloped animal-infecting double-stranded DNA viruses. Vaccinia poxvirus is wrapped by membranes of the intermediate compartment between the ER and the Golgi and in a later stage of the maturation it is wrapped by transGolgi network membranes (28, 29) . Varicella-zoster herpesvirus makes use of the trans-Golgi network membranes for wrapping its particles as well (7, 35) , and African swine fever virus is wrapped by ER membranes (25) . The wrapping phenomenon has not been reported for any other plant-infecting virus, and it is not yet precisely clear which part of the Golgi is involved in TSWV morphogenesis.
The final stages of the particle maturation also seem to be different. Animal-infecting bunyaviruses produce groups of particles inside vesicles pinched off from the Golgi (21) , and the ER plays no role in particle morphogenesis. TSWV singly enveloped particles end up in large membrane envelopes as a result of self-fusion of DEV (which have two Golgi-derived membranes), or fusion with ER membranes. These envelopes surrounding SEV clusters must consequently consist of both Golgi-and ER-derived membranes.
To infect new cells, animal-infecting bunyaviruses are transported to the plasma membrane and released outside the cell via the vesicular transport pathway of the cell, whereas TSWV particles retain and accumulate in the plant cell until feeding thrips vectors ingest them for transport to other host plants.
